A dogma in the field of circadian rhythms is that in order to keep accurate time, pacemakers that generate such rhythms must be relatively independent of changes in the external and internal environment. While it is true that the period of circadian oscillators is conserved within a narrow range, regardless of alterations in the external and internal environment, numerous perturbations have now been found that can change the period and/or induce a phase shift in circadian pacemakers. Many of these perturbations also alter the overall level of activity and/or metabolic state of the organism. In 1960, Aschoff suggested that alterations in the "level of excitement" may induce changes in circadian clocks. Although little attention has been given to this hypothesis over the past three decades, recent findings support its validity and open new avenues for studying the function and organization of circadian clock systems.
A fundamental assumption in the early development of circadian rhythm research was the independence of endogenous circadian clocks from most changes in the internal and external environment. However, our view of the independence of circadian pacemakers from internal and external factors has changed radically over the past decade. This change has occurred gradually, and has deeply modified fundamental concepts about circadian systems. This theoretical turn has led to new experimental designs to probe the physiological mechanisms underlying the entrainment and generation of circadian rhythms. In addition, this change in view has important implications regarding our ability to manipulate the human circadian clock in order to accelerate adaptation to shifts in environmental time or to treat disorders of circadian timekeeping. Pittendrigh's (1954) finding that circadian clocks are temperature-compensated led to the generalization that, to keep accurate time, endogenous circadian pacemakers need to be buffered from external and internal factors except those involved in entrainment to the physical 24-hr day-for example, the light-dark cycle (Pittendrigh and Caldarola, 1973) . Based on his extensive studies in rats, Richter (1965) 1. In 1960, Professor Aschoff suggested that the "level of excitement" of an animal may have an effect on the circadian clock. Although this hypothesis has received little attention over the past three decades, recent findings indicate that circadian pacemakers in vertebrates may indeed be influenced by the animal's overall level of activity. This review of the literature that supports Professor Aschoff's hypothesis is dedicated to him on the occasion of his 75th birthday. concluded that &dquo;this clock in the rat is quite as independent of all external and internal events and stimuli, as a wrist watch is of its wearer&dquo; (p. 21) . Indeed, until the early 1970s, only a few substances (e.g., deuterium oxide) had been identified that could alter circadian pacemakers, and the unspecific nature of their action did not lead to any new insight into pacemaker mechanisms. However, within the next few years, it was discovered that hormones of pineal and gonadal origin could alter the period and/or organization of circadian rhythms in birds and/or mammals (Gwinner, 1974 ; Daan et al., 1975; Turek et al., 1976 ; Morin et al., 1977b) ; over the next decade, a number of different hormones, psychoactive substances, neuropeptides, neurotransmitter agonists and/or antagonists, and agents that alter intracellular and membrane activity were found to be able to influence circadian clocks in a wide variety of species. (For reviews, see Takahashi and Zatz, 1982; Turek, 1987; Wirz-Justice, 1987.) In hindsight, it is perhaps not surprising that many substances can alter circadian clocks. After all, the cellular and molecular machinery involved in rhythm generation is probably quite complex, and thus there will be many entry points for altering the clock. Furthermore, in mammals at least, the only identified circadian pacemaker, the suprachiasmatic nucleus, contains a variety of neurotransmitters and neuropeptides (Card and Moore, 1984; van den Pol and Tsujimoto, 1985) , raising the possibility that multiple agents could influence the movement of this pacemaker.
The suggestion by Pittendrigh and Caldarola (1973) that the inability of many workers to manipulate the period of circadian clocks chemically might reflect, at least in part, homeostatic protection still holds true for a variety of substances, but is not consistent with more recent results. Presently, over 20 substances that can alter either the period or phase of free-running circadian rhythms in mammals have been found, and this list will undoubtedly grow as more and more agents are tested. This recent awareness of the responsiveness of circadian pacemakers to external and internal factors has led the field of biological rhythm research to an exciting stage of development.
This review focuses on the hypothesis that many internal and external agents may influence the circadian pacemaker in vertebrates by altering the general metabolic state and/or stimulating physical activity of the animal. This hypothesis is not a new one, as it was first formulated by Aschoff in his classic Cold Spring Harbor Symposium paper in 1960. Aschoff noted that in dark-active animals, higher intensities of light are associated with a smaller amount and duration of activity as well as with a longer free-running period of circadian rhythms, whereas in light-active animals the opposite is found. In a truly insightful statement, Aschoff suggested that if an animal's &dquo;level of excitement&dquo; and spontaneous circadian period are in any way related to each other, then one also could expect changes in period if the level of activity is changed by means other than light (Aschoff, 1960, pp. 16-17) . The broad implications of this statement have not yet been translated into the design or interpretation of most current experimental work in the field. This review examines the effects of various internal and external factors on the circadian pacemaker of vertebrates in the framework of Aschoff's original hypothesis that the &dquo;level of excitement&dquo; or overall activity can affect the circadian pacemaker. It should be noted from the outset that while it is now clear that changes in the overall activity state can alter circadian clocks, little is presently known about the specific components of overall activity or metabolic state that could be involved in pacemaker function, or about the input pathways by which these components could alter the circadian clock.
After first providing direct evidence that changes in activity can alter circadian clock function, the effects of hormones and neuroactive compounds on the clock are discussed in the context of the idea that the action of these agents may be mediated through an alteration in the level of activity.
ALTERING THE LEVEL OF ACTIVITY CAN ALTER THE CIRCADIAN CLOCK Aschoff et al. (1973) found that when golden hamsters were given access to a running wheel, the free-running circadian period of locomotor activity was modified. The period of the activity rhythm tended to be longer in hamsters housed with a running wheel than in animals without a wheel, and it was speculated that the locomotor activity of a hamster in a running wheel may produce a feedback signal resulting in a small increase in the circadian period. More recently, Pratt and Goldman (1986) found that access to activity wheels led to a wider range of periods for individual activity rhythms than was observed in hamsters housed in simulated burrows, and Yamada et al. (1988) reported that free access to a running wheel shortened the period of the activity rhythm in blinded rats. In addition, exposure of hamsters without regular access to a wheel to a 2-hr wheel &dquo;pulse&dquo; centered about 6 hr before activity onset can induce a pronounced phase advance in the free-running rhythm of activity ( Fig. 1 ).
Another example of an effect of arousal on the circadian clock of hamsters is the finding that a single exposure to an unfamiliar wheel on the day of an 8-hr advance in the light-dark cycle reduced by more than half the number of days necessary to fully resynchronize the activity rhythm to the new light-dark cycle (Mrosovsky and Salmon, 1987) . During the 3-hr exposure to the wheel, which was presented at a time when the animals were inactive under the previous light-dark cycle, the experimental animals ran vigorously while the control animals remained asleep or quiescent during this period. As noted by Mrosovsky and Salmon, it is not possible to determine which aspects of the experimental manipulation were responsible for increasing the rate of phase shift, since in addition to increased exercise, the hamsters were also in a novel environment and awake at a time when they normally would have been asleep.
Using a different approach to alter the overall activity level of hamsters, we observed dramatic effects of the circadian clock underlying the rhythm of wheelrunning behavior following a 24-hr period of forced wakefulness in which hamsters had to stay awake on a small platform to avoid a mild electric shock (Turek and Smith, 1985) . These effects ranged from inducing phase shifts in the activity rhythm, to splitting as well as a general disruption of the activity rhythm (Fig. 2 ). Using a partial sleep deprivation paradigm, which only allowed animals to sleep for a 4-hr FIGURE 1. Record of total activity for a hamster housed in constant light (LL). Each horizontal line represents a single 24-hr day, and days are plotted from top to bottom. Activity was recorded via an Automex II system, which measures all horizontal movement. Activity is plotted in 5-min bins, and the vertical height of each bin is proportional to the total amount of activity in that bin. On day 9 of this record, a running wheel (Wh) was mounted inside the cage for 2 hr beginning at the time indicated by the asterisk. Examination of the activity record on subsequent days indicates that the wheel induced a large phase advance in the activity rhythm. period coinciding with their previous wake time, we found that animals often ran in the wheel during this 4-hr period rather than sleep; after return to ad libitum sleeping conditions, the activity rhythms were often severely disrupted or split into two components (Smith and Turek, unpublished results). However, the high degree of variability from one animal to another in response to either total or partial sleep deprivation led us to abandon this approach to manipulate the circadian pacemaker.
It remains to be determined whether these disturbances in the circadian system were due to sleep deprivation per se, or to some other factor associated with the sleep deprivation procedure. In contrast to these studies in hamsters, a 24-hr period of sleep deprivation did not alter the period or the phase of the circadian activity rhythm of rats (Borbely, 1982) . However, the studies in rats were performed in constant darkness, whereas those in hamsters were conducted in constant light. The circadian system of both nocturnal and diurnal animals is much more labile during exposure to constant light than in constant darkness, and the feedback effects of the sleep-wake cycle on the circadian clock may be a function of the stability of the clock. FIGURE 2. Record of running-wheel activity for a hamster housed in constant light (LL). Each horizontal line represents a single 24-hr day, and days are plotted from top to bottom. On the day marked &dquo;SD,&dquo; the hamster was subjected to a 24-hr period of sleep deprivation (see text). Following the return to ad lib. sleeping conditions, the activity rhythm immediately split into two distinct components, which persisted until the end of the experiment. From Smith and Turek (unpublished results).
The possible effects of sleep deprivation and changes in activity on the circadian system highlight the potential interactions among sleep, activity, and circadian pacemakers. Sleep itself can be influenced by the activity during the nonsleeping period (Foret, 1984) , and even the procedure of locking an otherwise freely rotating running wheel can dampen as well as alter the architecture of the circadian sleep-wake rhythm in mice (Welsh et al., 1985; Edgar et al., 1987) . The interactions among sleep, activity, and the circadian system are undoubtedly quite intricate, and these interactions are made even more complex by the finding that social interactions can have effects on activity and circadian clocks. In a series of recent experiments, Mrosovsky (1988) has demonstrated that different social stimuli that alter the activity state can phase-shift and entrain the free-running rhythm of locomotor activity in golden hamsters. Phase response curves have been generated for the stimulus of cage changing and for 30-min social interactions. Phase advances were observed in response to the presentation of these stimuli in the middle of the subjective day, and phase delays occurred when they were presented in the late subjective night. In some cases, repeated social interactions or daily cage switching at the same time each day could entrain the activity rhythm in a manner consistent with the shape of the phase response curves to these perturbations. However, only two of seven animals clearly entrained to daily cage changing, and only four of nine hamsters entrained to the repeated social interaction schedule. The lack of a more robust response to these potential entraining agents was attributed to the low amplitude of the phase response curves to these stimuli (Mrosovsky, 1988) . Interestingly, Davis et al. (1987) failed to observe an effect on the clock of social interactions between pairs of male and female hamsters kept in the same cage but separated by a wire mesh barrier. When previously isolated animals were paired together, there was no effect on the free-running period of locomotor activity, nor were any phase shifts in the paired animals' rhythms observed. Taken together, these results point to the importance of the specific experimental design in any attempt to determine what effects social cues may have on circadian pacemakers.
Other findings indicating that social cues can act as effective zeitgebers in animals, including humans, have been reviewed by Mrosovsky (1988) . He speculated that the effects of social interactions and other disturbances may be mediated through an oscillator phased by general arousal. This hypothesis is compatible with earlier suggestions that the &dquo;level of excitement&dquo; or changes in the physiological state of the organism due to sleep deprivation and/or hormonal manipulations can have pronounced feedback effects on circadian pacemakers (Aschoff, 1960; Aschoff et al., 1973; Turek and Gwinner, 1982; Turek and Smith, 1985) .
MANIPULATION OF THE ENDOCRINE ENVIRONMENT ALTERS THE CIRCADIAN CLOCK
The role of sex steroids in circadian organization was first clearly demonstrated by Gwinner (1974) , who found that splitting of the activity rhythm into two components in starlings maintained in constant light was associated with testicular growth, and that in castrated birds testosterone treatment could induce splitting. Although testosterone has no clear effect on the period of the free-running activity rhythm of starlings (Gwinner, 1975) , in mice castration results in a lengthening of the circadian rhythm in wheel-running behavior, and continuous testosterone treatment reverses the effects (Daan et al., 1975) . In a series of elegant studies, Morin and colleagues (Morin et al., 1977a, b) showed that estradiol can alter the period and phase of the circadian rhythm of wheel-running behavior in female hamsters maintained under a variety of conditions. Subsequent authors have also noted numerous effects of gonadal steroids on circadian rhythmicity. (For reviews, see Zucker, 1979; Turek and Gwinner, 1982; Rosenwasser and Adler, 1986.) Implicit in almost all of the work on the effects of steroid hormones on circadian rhythmicity is the assumption that these effects are specifically exerted on circadian oscillators either directly or indirectly by altering the activity of other agents that have a direct input to the circadian clock system. Little attention has been given to the alternative hypothesis that steroid hormones may act by changing the general physiological state of the organism (Turek and Gwinner, 1982) . Steroid hormones are known to have major effects on a variety of physiological systems, including those involved in body temperature, food intake, metabolism, and total amount of activity (Wade, 1976; Wade and Gray, 1979) . Thus, changes in the steroid hormone environment are associated with a vast array of physiological variations, and these changes may be mediating the effects of steroids on the circadian system. We speculated in an earlier paper (Turek and Gwinner, 1982) that if steroid hormones do affect circadian rhythms indirectly by altering the physiological state of the organ-ism, then other hormones that induce major physiological changes should also influence circadian rhythms. Indeed, in that same year, it was reported that hormones of adrenal and thyroid origin are able to alter the circadian pacemaker in mammals (Beasley and Nelson, 1982; Horseman and Ehret, 1982) , through as yet unidentified mechanisms (Morin et al., 1986) . Chronic melatonin treatment in birds and injections of melatonin in rats can also influence the circadian clock regulating the rhythm of locomotor activity (Turek et al., 1976; Armstrong et al., 1986; Cassone et al., 1986) . Interestingly, melatonin has been found to induce sleep-like behavior or drowsiness in a variety of species, including humans (Marczynski et al., 1964; Anton-Tay et al., 1971; Binkley, 1974; Wright et al., 1986) , and has also been reported to decrease activity in rats and birds (Wong and Whiteside, 1968; Hendel and Turek, 1978) . Like hormones, alterations in the level of activity of an animal can have profound effects on metabolism, food intake, and overall behavior (Singer et al., 1974; Browne and Borer, 1978; Schwartz et al., 1983) , and at present it is unclear whether any of these secondary effects mediate the effects of hormones and/or activity on the circadian clock.
EFFECTS OF NEUROACTIVE COMPOUNDS ON THE CIRCADIAN CLOCK
Among the compounds that have been shown to clearly influence the mammalian circadian pacemaker by altering either phase or period under free-running conditions are carbachol (a cholinergic agonist), neuropeptide Y (NPY), lithium, clorgyline (a monoamine oxidase type A inhibitor), anisomycin and cycloheximide (two protein synthesis inhibitors), and various agents that alter the activity of the inhibitory neurotransmitter y-aminobutyric acid (GABA). (For reviews, see Turek, 1987 Turek, , 1988 Wirz-Justice, 1987.) No attempt is made here to discuss the effects of each of these compounds on the circadian clock in the context of Aschoff's &dquo;level of excitement&dquo; hypothesis. Instead, a few examples of possible relationships between drug-induced changes in the overall activity state and their observed effects on circadian pacemakers are examined.
In an extensive series of experiments involving the short-acting benzodiazepine triazolam, we have demonstrated that this widely prescribed hypnotic can alter the circadian clock of hamsters under a variety of conditions. (For reviews, see Turek, 1988; Turek and Van Reeth, 1988 .) A single injection of triazolam can phase-shift behavioral and endocrine rhythms in animals free-running in either constant darkness or constant light, and the direction of the phase shift (i.e., either advance or delay) is dependent upon the circadian time of drug administration. Similarly, a single injection of triazolam can reduce by half the number of days necessary for the activity rhythm to become re-entrained following either an 8-hr advance or delay in the light-dark cycle, with the ability to alter re-entrainment again being dependent on the time of drug administration. In addition, repeated injections alter the entrainment pattern during exposure to a light-dark cycle in sighted animals and can entrain the rhythm of locomotor activity to different circadian periods in blind hamsters. Entrainment to daily injections of triazolam is particularly noteworthy, since the phase relationship between daily injections and the circadian rhythm of activity is totally predictable from the phase response curve to single injections of triazolam.
An unusual feature of the hamster's response to triazolam is that rather than inducing sleep or a period of inactivity, as it does in most other species, triazolam usually induces an acute increase in locomotor activity that lasts for about 2-4 hr. At first, little attention was given to the possibility that this increase in activity could be playing a role in triazolam-induced phase shifts in the circadian clock, since not all of the phase-shifted animals showed an immediate increase in wheel-running behavior in response to the injection of triazolam. However, we now know that, at least for triazolam-induced advances in the activity rhythm, phase shifts associated with injections of triazolam always induce an increase in &dquo;total activity&dquo; (as measured with the Automex or Mini-Mitter systems), even if such an increase is not always manifested by an increase in running-wheel behavior (Wickland and Turek, unpublished results). Interestingly, in hamsters, the phase response curve of the activity rhythm to microinjections of NPY into the region of the suprachiasmatic nucleus is similar to the phase response curves for injections of triazolam, and it appears that NPY-induced phase shifts are also associated with an acute increase in locomotor activity (Albers and Ferris, 1984) .
There is now good evidence to indicate that at least some of the effects of triazolam on the circadian clock of hamsters are indeed related to the increased locomotor activity induced by the drug. As demonstrated by Mrosovsky and Salmon (1987) , confinement to a novel running wheel for 3 hr (at a time when activity would normally not be present), and the associated increase in locomotor activity, has the same effect in facilitating re-entrainment to an 8-hr advance in the light cycle as does a single injection of triazolam, which is also accompanied by an increase in activity. In addition, novel exposure to a wheel for 2-3 hr, at a time when an injection of triazolam induces an advance in the activity rhythm, induces a similar advance in the clock underlying the rhythm (Fig. 1) . Interestingly, lesions of the lateral geniculate nucleus (LGN) block the phase-shifting effects of triazolam on the circadian clock of hamsters, and examination of the published activity record indicates that LGN lesions also block the initial increase in activity due to triazolam treatment (Johnson et al., 1988) . More direct evidence for increased locomotor activity playing a role in triazolam-induced phase shifts in the circadian pacemaker is the observation that restraining hamsters for a period of 3-6 hr after an injection of triazolam totally blocks both phase advances and phase delays observed in unrestrained animals treated with triazolam (Fig. 3) . Furthermore, the ability of a single injection of triazolam to facilitate resynchronization to an 8-hr shift in the light-dark cycle can also be blocked by restraining the animal for 6 hr after the injection of triazolam (Van Reeth and Turek, unpublished results). It should be noted that the ability to run in the wheel is not necessary in order for triazolam to induce phase shifts in the locomotor activity rhythm in hamsters, since similar phase shifts in the rhythm of total activity are observed in animals housed without a wheel. These phase shifts are also accompanied by an increase in general activity (Wickland et al., 1988) . Taken together, the findings above indicate that the effects of triazolam on the circadian system may be mediated through a general increase in locomotor activity. FIGURE 3. Running-wheel activity records for four hamsters housed in constant light (LL). On the days indicated, the hamsters were injected with either 2.5 mg of triazolam (T) or vehicle (V) 6 hr prior to the onset of activity. The two animals depicted at the top of each row were left undisturbed; the other two animals were held in a restraining tube (Tr or Vr) for a 6-hr period beginning at the time of the injection. Although restraint alone had no effect on the circadian activity rhythm, it did block the phase-shifting effects of triazolam. From Van Reeth and Turek (unpublished results).
However, other data call into question the validity of this hypothesis. Since benzodiazepines act in the central nervous system by potentiating the activity of the inhibitory neurotransmitter GABA, it might be expected that GABA agonists would phase-shift the clock in a manner similar to triazolam. Indeed, the phase response curve to the GABA agonist muscimol is similar in shape to that for triazolam, even though phase shifts induced by muscimol are not related to any increase in activity and in fact are associated with a decrease in activity (Smith and Turek, in press).
Further evidence that an increase in activity is not necessary for triazolam to alter a circadian pacemaker comes from recent studies in primates. A phase response curve to triazolam has now been generated in squirrel monkeys housed in constant light, and it is very similar to the one observed in hamsters (Mistlberger et al., 1988) . However, unlike its effects in hamsters, triazolam has a rapid sedation effect in the squirrel monkey that usually lasts for 1-3 hr. Triazolam also has a sedative effect in humans, yet there is preliminary evidence that, as in hamsters, it can facilitate the rate of re-entrainment following a phase shift in the light-dark and sleep-wake cycle (Van Cauter et al., 1987) . Thus, in at least some species, triazolam can alter the circadian clock without increasing the level of activity.
Nevertheless, in view of the clear effects that changes in activity can have on circadian rhythmicity, the suggestion that chemically induced changes in circadian rhythms may not be due to direct effects on circadian pacemakers, but instead may be mediated by chemically induced changes in behavior (Mrosovsky and Salmon, 1987) , needs to be taken into account in the interpretation of all experiments dealing with pharmacological manipulations of circadian pacemakers. Unfortunately, our current understanding of how pharmacologically induced changes in behavior might alter clock function is primitive at both the conceptual and the mechanistic level, and inconsistent effects of drugs on behavior and circadian rhythmicity make it impossible to develop any coherent hypothesis at the present time. Clearly, not all druginduced changes in clock function can be acting through the same physiological mechanisms. For example, although injections of muscimol or protein synthesis inhibitors induce a decrease in activity in hamsters, the shapes of the phase response curves to these two agents are similar to those for triazolam and NPY, both of which induce an increase in locomotor activity (Albers and Ferris, 1984; Turek and Losee-Olson, 1986; Takahashi and Turek, 1987; Smith and Turek, in press). In addition, not all increases in activity are accompanied by effects on circadian clock function (Mrosovsky, 1988) . Clearly, an increase in activity is not always sufficient to alter the circadian clock, nor is it necessary to increase the level of activity in order to get a drug-induced phase shift in the circadian pacemaker.
CONCLUSIONS
Although the frequency of circadian oscillators is homeostatically controlled around a narrow range (Pittendrigh and Caldarola, 1973) , recent work has nevertheless demonstrated that a variety of internal and external factors can induce clear changes in the period and/or phase of these oscillators. The circadian pacemaker, far from being buffered from all changes in the internal milieu in order to keep accurate time, is in fact responsive to a variety of such changes. Of particular interest is the finding that the level of activity can alter the circadian pacemaker, at least in mammals. Although the functional significance of the induced changes is presently unknown, it should be noted that they are of significant magnitude. Phase shifts of free-running rhythms induced by changes in activity are often on the order of 1-3 hr, which is similar to the magnitude of phase shifts induced by pulses of light. Furthermore, small fluctuations in the period of a circadian pacemaker can have profound effects on its phase relationship to the light-dark cycle, and such changes in phase relationship can dramatically alter the physiological response to light (Eskes and Zucker, 1978; Pittendrigh, 1981) .
As many investigators have noted, it would be desirable to be able to manipulate human circadian rhythms for a variety of reasons. The biological clocks of shift workers and travelers engaged in rapid movement across time zones must often be reset-a process that can take many days to reach completion (Van Cauter and Refetoff, 1985; Dement et al., 1986; Moore-Ede, 1986 ). In addition, a number of mental and physical disorders have been associated with circadian abnormalities, and being able to reset human biological clocks might be of therapeutic benefit (Wehr et al., 1983; Van Cauter and Turek, 1986; Hallonquist et al., 1986) . The observation that an increase in activity can alter circadian pacemakers in small mammals raises the possibility that alterations in human behavior could have important effects on human circadian rhythmicity.
Circadian biologists now have a number of new tools to use to manipulate circadian pacemakers. The driving force behind initial attempts to discover agents that could alter the biological clock was the expectation that the use of such agents would lead to a better understanding of the cellular and neurochemical events associated with the entrainment and generation of circadian rhythms. However, of equal importance is the fact that we now have many new roads to use to enter the clock, and as we travel along these roads, we are likely to uncover many heretofore unknown properties about the clock and the way it receives and transmits information.
